In addition to this, a variety of duplication patterns were observed in some subfamilies 174
(Figure S3, Supplementary Text 1). For example, the rice SEP1-like genes OsMADS1 and 175
OsMADS5 are sister to 10 and 7 wheat genes, respectively. In this case, the phylogenetic 176 analysis suggests gene duplications in the lineage leading to Triticum but before the 177 polyploidization of wheat ( Figure S3A ). The Bsister gene OsMADS30 from rice is sister to 27 178 wheat genes, many of which lack a MADS-or K-box and are found in non-syntenic regions, 179 indicating gene amplification occurred through transposable elements (Table 1, Figure S3B) . 180
For the AGL17-and FLC-subfamily from wheat, a number of triads can be assigned to a 181 single rice gene (Figure S3C, D) . Several genes from these two subfamilies are found in close 182 vicinity to each other, pointing towards tandem duplications as a mechanism for subfamily 183 expansion (Table 1, Figures 2E and S2C, S2D) . 184
185

Gene duplications and truncated genes are prevalent among MIKC-type genes in 186
subtelomeric segments 187 MIKC-type MADS-box genes were generally equally distributed among the chromosomes, 188 the only exception being the three homoeologous chromosomes 7, which contained 189 significantly more genes than expected from the chromosome lengths (χ 2 test p << 0.001, 190 Figure 2E ). This is mainly due to AGL17-like genes; with the majority of them located in 191 tandem locations on the distal subtelomeric ends of chromosomes 7 ( Figure 2E , Table S2 ). 192
Overall, MIKC-type genes were located equally likely in the more central segments of the 193 chromosomes (R2a, R2b and C) and in the subtelomeric parts of the chromosomes (R1 and 194 R3) (48 and 50 % of genes, respectively). However, gene location varied greatly among 195 subfamilies ( Figure 3) . In general, genes belonging to smaller subfamilies tended to be 196 located in more central segments of the chromosomes; whereas a larger percentage of genes 197 belonging to more expanded subfamilies were located in subtelomeric segments (Figure 4, 198 Table S2 ). Further, full-length MIKC-type genes were about equally likely to be located 199 within sub-telomeric versus central segments (45 % vs. 54 %, respectively), but truncated 200 genes (MADS-or K-box only) were two times as prevalent in subtelomeric segments (61 % 201 vs. 31 %; 8 % of genes were not assigned to a chromosome) ( Figure 3A) . Genes in 202 subtelomeric segments were often found to be in close vicinity to each other, with over half 203 of the genes in subtelomeric segment R1 being under 1000 kbp downstream of the closest 204 MIKC-type gene (Table S3 ). In contrast, only 15 % of genes in the centromere segment have 205 a distance under 1000 kb to the next downstream MIKC-type gene (Table S3 ). This might be 206 due to more frequent tandem duplication events in subtelomeric segments. These findings are 207 in line with the observation that subtelomeric segments are targets of recombination events 208 and that many fast evolving genes lie within these segments [46] . 209 210
Conserved and divergent patterns of MIKC-type MADS-box gene expression during 211 wheat development 212
To characterize the expression of wheat MIKC-type MADS-box genes, we analyzed RNA-213 seq data of 193 wheat MADS-box genes [8, 47] . Out of the 159 full-length genes, 83 % were 214 expressed in at least one developmental stage, with a wide expression range with a maximum 215 count of 1 to 424 transcripts per million (tpm max ) ( Figure 5 , Table S2 ). The remaining 17 % 216 of full-length genes showed a very low expression with a tpm max below 1 ( Figure 5A , Table  217 S2). Of the 33 truncated genes, encoding only for either K or MADS-domain, 30 % were 218 expressed (4 and 6 genes, respectively, tpm max 1 to 51; Figure 5A , Table S2 ). One gene, 219 encoding for MADS-and an SRP54-domain was expressed ubiquitously in the plant, albeit at 220 a low level (TaBS.8A; tpm max 3.12; Table S2, Figure S3) . 221
In general, MADS-box genes expression patterns are comparable with findings in rice [21, 222 48, 49] (Figure 5 , Figure S4 ). MIKC*-type genes are expressed in anthers ( Figure 5A , Table  223 genes are expressed ubiquitously during the plant life cycle (Figure 6A, TaBS.6B1 249 TaBS.5A4). In contrast, five closely related OsMADS30-like genes showed low or no 250 expression in any of the developmental stages. Instead, a specific upregulation in response to 251 inoculation with the pathogen Fusarium graminearum was detected (Figure 6A, TaBS.4 ; 252 Figure S5 ). 253 AGL17-like genes are commonly expressed in roots and leaves [54] . They have also been 254 described to be involved in osmotic and saline stress responses in rice [54] . Several wheat 255 AGL17-like genes are not expressed at all during developmental stages (Figure 5 , grey; 256 Figure 6B ). Two AGL17-like genes that are expressed in the root, but not in leaves under 257 control conditions, show upregulation in leaf tissue after 1 hour of heat stress ( Figure 6B , 258 genes 2,3). However, gene expression is not detectable after 6 h and there is no specific 259 response to drought stress ( Figure 6B , genes 2,3). Another AGL17-like gene is upregulated 260 after 6h of heat, but not drought stress ( Figure 6B , gene 4). A fifth AGL17-like gene is 261 expressed in the root, and additionally upregulated in leaves in response to infection with 262 stripe rust 7 days after infection ( Figure 6C Figure 1 ). At least 70 % of wheat MIKC-type MADS-box 271 genes could be assigned to homoeologous groups with genes in every subgenome (Table 2) . 272 This is considerably above the average homoeologous retention rate in wheat (42 %, We also found that the expression pattern of many wheat MADS-box genes is similar to that 279 of close homologs in rice and other model plants, indicating that gene functions are broadly 280 conserved between wheat and rice. 281
Together, the conservation of all major subclades, the high homoeolog retention rate and the 282 conservation of expression patterns underline the high biological importance of the MIKC-283 type MADS-box gene family in general and the distinct subclades in particular. Hence, the 284 rich knowledge about the developmental role of MIKC-type MADS-box genes from model 285 plants, combined with a complete picture of gene number, expression data and phylogenetic 286 analyses in wheat will aid wheat breeding and improvement. 287 288 Subfamily-specific expansion of wheat MIKC-type MADS-box genes may contribute to 289 the high adaptability of wheat 290
The hexaploid nature of wheat and the large size of the MADS-box gene family provide an 291 ideal opportunity to study the evolutionary fate of genes after gene duplication and 292
polyploidization. 293
With 201 genes, wheat has one of the largest MIKC-type MADS-box gene counts among 294 flowering plants [27, 44, 45] . In total, wheat has about 3.1 times as many transcription factors 295 as rice, which can generally be explained by its hexaploidy [60] . However, the number of 296 MIKC-type MADS-box genes is more than 4.5 times higher in wheat than in rice ( Figure 2A -297 D). The strikingly high number of MIKC-type MADS-box genes observed in this study is 298 mainly due to -leaving hexaploidy aside -the significant expansion of four subclades: SEP1, 299
Bsister, AGL17 and FLC (Figure 2) . 300
The expansion of MIKC-type subfamilies has been reported before in different plant species, 301 such as for SOC1-like genes in Eucalyptus as well as SVP-like and SOC1-like genes in cotton 302 [27, 45] . Intriguingly, genes from FLC-, SVP-and SOC1-subfamilies are involved in the 303 control of flowering time [12, 61, 62] . It has been hypothesized that the expansion (and 304 contraction) of developmental control genes, more specifically eudicot FLC-like genes, 305 facilitate the rapid adaptation to changes in environmental factors such as temperature [63] . 306
In a similar manner, duplications of wheat FLC-like genes might have enabled the adaptation 307 of wheat to different climatic conditions, therefore contributing to its global distribution. It 308 will be interesting to see whether copy number variations of FLC-like genes can be detected 309 in different wheat varieties. 310
The expansion of Bsister and AGL17-like genes may similarly be explained with an adaptive 311 advantage. However, in those cases neofunctionalization might be involved. Figure 6A ). MIKC-type MADS-box genes are not typically 318 associated with biotic stress responses and it remains speculative whether and how they 319 might be involved in responding to a Fusarium infection. However, Fusarium head blight is a 320 floral disease and Bsister genes are expressed in the flower. This may have facilitated a co-321 option of theses genes into a pathogen response network. Interestingly, the lack of synteny 322 between OsMADS30-like genes might point towards transposable elements as a possible 323 duplication mechanism, underlining the evolutionary importance of transposable elements 324
An upregulation in response to stresses was also observed for some AGL17-like genes, which 326 form the largest wheat MIKC-type subfamily. While many wheat AGL17-like genes are not 327 expressed ( Figure 5 ), a number of them are upregulated in late stages of stripe rust infection 328 and in response to heat stress ( Figure 6B , C). Another three AGL17-like genes were found to 329 be upregulated in some stages of anther and grain development, a pattern unusual for AGL17-330 like genes ( Figure 5A ). This diversity of expression patterns and putative functions adds to 331 the complex evolution of AGL17-like genes, as genes from this subfamily have been 332 implicated in various different functions including root development, flowering time control, 333 tillering, stomata development and stress response [54, [66] [67] [68] [69] . 334
OsMADS30-and AGL17-like genes might be involved in other stress responses as well and 335 might be good candidates to investigate cultivar-specific resistance to biotic and abiotic 336 stresses. 337
338
Dynamic evolution of MIKC-type MADS-box genes in subtelomeric regions 339
The cause for the expansion of the FLC-, AGL17-SEP1-OsMADS30-like subfamilies might 340 be the chromosomal position of their genes. Subtelomeric distal chromosome segments have 341 been previously described as being targets of recombination events, and many fast evolving 342 genes lie within these evolutionary hot spots [46, 70] . In wheat specifically, genes related to 343 stress response and external stimuli, notably traits with a high requirement for adaptability, 344 have been found to be located in distal chromosomal segments [7] . In contrast, genes related 345 to photosynthesis, cell cycle or translation, e.g. genes with involved in highly conserved 346 pathways are enriched in proximal chromosomal segments [7] . 347
This notion is supported by our findings: genes of the larger wheat MIKC-type subclades 348 tend to be located in subtelomeric segments (Figure 4, Figure 3 ). Remarkably, many of these 349 expanded clades do control traits that are important for adaptation to different environments. list of all gene IDs in Table S1 ). Of these, 188 sequences had a MADS-box and a K-box (181 400 HC plus 7 LC), 240 sequences (159 HC plus 71 LC) had only a MADS-box; and 21 had only 401 a K--box (16 HC plus 5 LC) (Table S1 ). Splice variants were excluded and only the first 402 variant was kept for further analysis, with three exceptions (see Table S2 ). 403
All CDSs were translated into amino acid sequences and aligned with all MADS-domain 404 protein sequences of rice (Oryza sativa, [21] ) with MAFFT (L-INS-i algorithm) [76, 77] 405 using only the MADS-domain of each sequence. Subsequently, a phylogeny was generated 406 using IQTREE [78, 79] . This allowed distinguishing type I and type II (MIKC-type) MADS-407 domain proteins (Table S1 ). All type I MADS-box CDSs were excluded from subsequent 408
analyses. 409
We evaluated the predicted gene structure of all genes, assuming a canonical M-I-K-C 410 domain structure. In cases where either MADS-or K-box were absent from gene predictions, 411
we compared the sequences with closely related rice and Arabidopsis genes, TGAC gene 412 predictions and screened the surrounding genomic regions using the NCBI conserved domain 413 database [80] [81] [82] [83] . In 17 cases gene prediction was repeated with FGENESH+ or 414 FGENESH_C [84] using rice MADS-box genes of the same clade (Table S4 ). In one case 415 (TaAGL17.2A1, TraesCSU01G209900), the TGAC CDS was used instead of IWGSC 416 prediction, because it encoded for a canonical MIKC structure as compared to the IWGSC 417 prediction, which comprised a MADS-box. This approach yielded 193 wheat MIKC-type 418
MADS-box sequences. 419
In parallel, a BLAST search was carried out by which we identified 8 additional MIKC-type 420 genes (Table S3 ) (https://urgi.versailles.inra.fr/blast_iwgsc/) [7, 85] . 421
Altogether, a total of 201 wheat MIKC-type MADS-box genes were identified (Table 1 , 422 Table S2 ). 423 424
Maximum likelihood phylogeny of MIKC-type MADS-box genes 425
Based on the first phylogeny, MIKC-type sequences were sorted into the major grass MIKC-426 type subfamilies (Table S2 ) [40] . Afterwards, subfamily alignments of MIKC-type protein 427 sequences were created using wheat, rice and Arabidopsis protein sequences [24, 42, 43 ] 428 using MAFFT (E-INS-i algorithm) [76, 77] . Subfamily alignments were then merged using 429 
MAFFT (E-INS
Naming of MIKC-type MADS-box genes 444
We suggest a consistent naming pattern for all MIKC-type wheat MADS-box genes, taking 445 into account their subfamily association, phylogenetic relationships as well as their 446 subgenome location (A, B or D). Each gene name starts with an abbreviation for the species 447 name Triticum aestivum (Ta), followed by the name of the respective Arabidopsis subfamily 448 (e.g. "SEP1" for SEPALLATA1-like genes, "AGL6" for AGL6-like genes or "BS" for Bsister 449 genes). The gene names include an A, B or D, indicating the subgenome they are located in, 450 e.g. TaAGL6B. If more than one triad of homoeologs was found in one subfamily, these were 451 distinguished by a "." and consecutive numbers, then followed by the subgenome (e.g. 452
TaAGL12. 1A and TaAGL12.2A) . If more than one copy of a gene was present in one 453 subgenome (inparalogs, e.g. due to tandem duplications or transposition), a number was 454 added after the letter that indicates the subgenome (prevalent in FLC, SEP1, AGL17 and 455
Bsister subclades). Hence, the name of the gene with the ID TraesCS7B01G020900 is 456
TaSEP1.5B1 since it is a SEP1-like gene, and more precisely one of two inparalogs of the B 457 genome ( Figure 1 , Table 1 , all gene names listed in Table S2 ). 458 459
Identification of homoeologs 460
Homoeologous genes were identified by phylogeny (Figure 1, Figure S3A-D) . In some cases, 461
where Ultra Fast bootstraps and SH-aLRT were not high enough to support a clade (above 90 462 and 75, respectively), synteny and previous classifications were considered [8] . 38 genes 463 belonging to the FLC-, Bsister and AGL17-subclades were excluded from the analysis, 464 because their homoeolog status could not definitely be determined (Table 1, Table 2 Table S5 . Tables S6 and S7 . 485
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AGL17-like gene (1-4) expression in roots and seedling leaves under control conditions (c)
and after 1 and 6 hours of drought (d), heat (h) and combined drought and heat stress (dh)
[94] (B).
Expression of TaAGL17.3D within different root tissues [8] and in leaves under control conditions and after infection with stripe rust (Puccinia striiformis) [95] is shown as a bar diagram. SEM is indicated as error bars. Data is shown as log 2 tpm (A, B) or as tpm (C).
Tables Table 1. Subfamilies, names and numbers of wheat MIKC-type MADS-box genes.
A complete list of all wheat MIKC-type genes can be found in Table S2 .
1 asterisk indicates that the number of homeologs could not be determined due to insufficient phylogenetic resolution, genes were not included into homoeolog count (Table 2) . Details see Figure S3 . The tree is unrooted, the MIKC* subclade was set as the outgroup. Supplementary Tables   Table S1 . List of all sequences identified by PFAM domain (type I and type II). Figure 5A and S3. Table S7 . Tissues for expression analysis for Figure 5A and S3. Figure S4 . A schematic representation of a wheat plant depicts colors indicating different expression modules (C). 
